OBJECTIVE -The objective of this study was to compare the plasma glucose and insulin responses elicited by two ready-to-eat breakfast cereals (one being high and the other being low in cereal fiber) and to see if the differences in response depended on subjects' fasting plasma insulin.
I
nsulin resistance, a decrease in the response of target tissues to insulin, is an important public health issue because it is associated with impaired glucose tolerance (IGT), obesity, hypertension, and cardiovascular disease (1) . In individuals with normal blood glucose, insulin resistance is usually associated with a compensatory increase in plasma insulin (2) . High plasma insulin may, at least in part, be responsible for the deleterious effects associated with insulin resistance; there is evidence that hyperinsulinemia exacerbates insulin resistance (3) and may increase cardiovascular risk through a variety of mechanisms (4) . Thus, it is generally considered that dietary treatments that reduce postprandial plasma insulin are beneficial in the management of insulin resistance (5, 6) .
Postprandial plasma insulin can be reduced either by reducing carbohydrate intake (7) or by reducing the rate of carbohydrate absorption with ␣-glucosidase inhibitors (8) or low-glycemic index carbohydrate foods (9) . Postprandial glucose and insulin responses have been measured for many hundreds of foods, but usually this has been done either in normal subjects or those with diabetes (10). It is not known if these results can be applied to nondiabetic subjects with insulin resistance. In preliminary studies (unpublished data), we showed that a readyto-eat breakfast cereal rich in cereal fiber elicited a modestly lower acute glycemic response than a portion of low-fiber cereal containing an equal amount of available carbohydrate. The purpose of this study, therefore, was to determine the effect of the high-fiber cereal on plasma glucose and insulin responses and to see if the effect on glucose and insulin responses was the same in insulin-sensitive and insulin-resistant subjects.
RESEARCH DESIGN AND
METHODS -Recruited by a newspaper advertisement from the general population of Toronto, healthy men aged 18 -75 years; with BMI 18.5-34 kg/m 2 ; with fasting serum triglycerides Ͻ10.0 mmol/l; without diabetes (fasting glucose Ͻ7.0 mmol/l); who were not taking diuretics, ␤-blockers, or weight reducing agents; without evidence of gastrointestinal disorders, impaired liver (serum aspartate transaminase Ͼ2 times upper limit of normal) or renal (serum creati-nine Ͼ1.2 times the upper limit of normal) function; and with no major medical or surgical event within 6 months were eligible. Only men were studied because this was part of a larger study on the effects of fiber on appetite, body weight, colonic fermentation, and oral glucose tolerance. We have more experience studying the effect of nutrients on the appetite in men, and men and women may differ in their responses to some of these factors. Thus, including women would add another variable, making it difficult to detect differences using the sample size we could study. Subjects were screened for height, weight, waist circumference, fasting glucose, insulin, lipids, aspartate aminotransferase, and creatinine. Subjects were classified as insulin sensitive or insulin resistant on the basis of their fasting plasma insulin (FPI) because, in the presence of normal fasting glucose, FPI insulin is inversely related to the insulin sensitivity index (2) . Hyperinsulinemia was defined as screening FPI Ն41 pmol/l (ϳ67th percentile for nondiabetic subjects in our laboratory).
Subjects were studied on two mornings, separated by 1 week, after 10-to 14- The portions of high-and low-fiber cereals contained 0.1 and 2.5 g of total sugars (sucrose), respectively, and although resistant starch was not added as an ingredient to either cereal, their content of resistant starch was not determined. The order of the test meals was random. Further blood samples were taken at 15, 30, 45, 60, 90, and 120 min after eating began. Blood samples, collected into flurooxalate tubes, were refrigerated immediately after collection. After the last blood sample was collected, samples were spun in a refrigerated centrifuge at 600g for 10 min, and the plasma was decanted and stored at Ϫ20°C before analysis of glucose using a hexokinase method and insulin using an electrochemiluminescence immunoassay (Roche Diagnostics, Mannheim, Germany).
Results are expressed as means Ϯ SE. Peak rise was calculated as the maximal concentration of glucose or insulin attained minus the fasting concentration. Incremental areas under the plasma glucose and insulin response curves (AUC) were calculated using the trapezoid rule, excluding area below the fasting level (11) . Relative glucose and insulin responses were calculated by expressing each subject's AUC response after the high-fiber cereal as a percentage of his response after the low-fiber cereal. Plasma glucose and insulin concentrations at each time, peak rise, and AUC values were analyzed using repeated ANOVA measures to evaluate the effects of cereal (high versus low fiber), group (hyperinsulinemic versus control subjects), and cereal ϫ group interaction (calculations performed on Lotus 123 spreadsheet; Lotus Development, Cambridge, MA). Means of other variables in hyperinsulinemic and control subjects were compared using Student's t test. Pearson's correlation coefficients were calculated using Lotus 123. Differences were considered significant if the two-tailed P value was Ͻ0.05.
The protocol was approved by the ethics review boards of the University of Toronto and St. Michael's Hospital, and all subjects gave informed consent by reading and signing the approved consent form.
RESULTS -We recruited 37 control and 42 hyperinsulinemic men. Because of missing data, the results for two control subjects were discarded, leaving a total of 77 subjects (35 control and 42 hyperinsulinemic subjects). Hyperinsulinemic subjects did not differ significantly from control subjects with respect to age or fasting glucose (Table 1) . A higher percentage of control subjects compared with hyperinsulinemic subjects were Caucasian (80 vs. 74%), but this was not significant (P Ͼ 0.3). Hyperinsulinemic subjects exhibited features consistent with the insulin resistance syndrome, including higher waist circumference and higher BMI than control subjects. Although the difference in serum triglycerides was of borderline significance, hyperinsulinemic subjects had significantly lower HDL cholesterol and higher total and LDL cholesterol concentrations than control subjects.
In all 77 subjects, mean plasma glucose after the high-fiber cereal was significantly lower than after low fiber at 15, 30, 45 (P Ͻ 0.01 for all), and 60 min (P ϭ 0.026) and significantly greater than after low fiber at 90 (P ϭ 0.047) and 120 min (P Ͻ 0.001) (Fig. 1) . Glucose peak rise and AUC after high-fiber cereal were significantly lower than after low fiber ( Table  2 ). The high-fiber cereal elicited an 11.8% lower glucose AUC than the low-fiber ce- real (relative response 88.2 Ϯ 5.6%; P ϭ 0.036). Plasma glucose was significantly greater in hyperinsulinemic than control men at fasting and at 60, 90, and 120 min (Fig. 1) . Peak rise and AUC tended to be lower in hyperinsulinemic men, although the differences were not significant ( Table  2 ). There was no significant cereal ϫ group interaction for glucose concentrations, peak rise, or AUC, indicating that the differences in glucose response between the high-and low-fiber cereals were the same in hyperinsulinemic as in control subjects. The glycemic response elicited by the high-fiber cereal relative to the low-fiber cereal in hyperinsulinemic men (87.4 Ϯ 8.3%) was not significantly different from that in control subjects (89.1 Ϯ 7.2%). The relative glycemic response of the high-fiber cereal in individual subjects was not related to fasting insulin at screening (Fig. 2) .
In all 77 men, plasma insulin was significantly less after the high-fiber than the low-fiber cereal at 15 and 30 min (P Ͻ 0.01) (Fig. 1 ). In addition, insulin peak rise and AUC were significantly lower after the high-fiber than the low-fiber cereal (Table 2) . Hyperinsulinemic subjects had significantly higher plasma insulin than control subjects at every point in time (Fig. 1 ) along with significantly higher peak rise and AUC (Table 2 ). There was a significant cereal ϫ group interaction for plasma insulin at 30 min (P ϭ 0.011) and 
Figure 1-Plasma glucose and insulin responses elicited by the low-fiber (F) or high-fiber (E) test meals in all subjects (left), subjects with normal fasting insulin (middle), or high fasting insulin (right). Data are means Ϯ SE. *Significant main effect of cereal (P Ͻ 0.05).
f
Significant main effect of group (normal versus high insulin; P Ͻ 0.05). **Significant cereal ϫ group interaction (P Ͻ 0.05).

Figure 2-Glucose (top) and insulin (bottom) response AUCs after the high-fiber cereal expressed as a percentage of those after the lowfiber cereal in each subject plotted against FPI at screening. Regression lines are plotted. E, an outlying value (5.4 ϫ SD from the mean). RGR versus fasting insulin: r ϭ 0.056 (NS). RIR versus fasting insulin: excluding outlier, r ϭ 0.297 (P ϭ 0.009); including outlier, r ϭ 0.240 (P ϭ 0.036).
for insulin peak rise (P ϭ 0.044) with the interaction for insulin AUC just missing significance (P ϭ 0.061) ( Table 2 ). This indicates that the difference in insulin response between high-and low-fiber cereals differed in hyperinsulinemic and control subjects. In hyperinsulinemic subjects, plasma insulin 30 min after the high-fiber cereal was significantly less than after low fiber (293 Ϯ 30 vs. 486 Ϯ 58 pmol/l); however, in control subjects, the respective values were virtually identical (210 Ϯ 22 vs. 211 Ϯ 21 pmol/l) (Fig.  1) . Similarly, in hyperinsulinemic subjects, insulin peak rise was significantly lower after the high-fiber than the lowfiber cereal, but in control subjects, the values were virtually identical ( Table 2) .
Insulin AUC after the high-fiber cereal was 102 Ϯ 5.6% that of low-fiber cereal in all 77 subjects (98.6 Ϯ 4.4% after excluding a value 5.4 ϫ SD from the mean, which was considered to be an outlier) (Fig. 2) . However, the relative response in hyperinsulinemic subjects (89.9 Ϯ 5.5%) was significantly less than that in control subjects, 108.8 Ϯ 6.7% (outlier excluded, P ϭ 0.026). Also, the relative insulin response in individual subjects was negatively related to their fasting insulin at screening (r ϭ 0.297, P ϭ 0.009) (Fig. 2) . If the outlying point was included in the analysis, the correlation remained significant (r ϭ 0.240, P ϭ 0.036). Relative insulin response was not related to age (r ϭ 0.139, P ϭ 0.23), BMI (r ϭ Ϫ0.169, P ϭ 0.015), or waist circumference (r ϭ Ϫ0.147, P ϭ 0.021).
CONCLUSIONS -This study shows that a ready-to-eat breakfast cereal rich in cereal fiber elicited lower plasma glucose responses than a low-fiber cereal in both normal and hyperinsulinemic men but reduced postprandial insulin responses only in the hyperinsulinemic subjects. This supports previous assertions that the relative glycemic effects of carbohydrate foods are the same in different subjects (12, 13) but suggests that the relative insulinemic effects of foods are not.
Carbohydrates can elicit different glycemic responses because of the nature of the sugars absorbed (e.g., glucose versus fructose) or because of differences in the extent or rate of absorption from the small intestine (14) . Differences in the nature of the sugars absorbed cannot explain our results. The low-fiber cereal contained only a small amount more sucrose than the high-fiber cereal (2.5 vs. 0.1 g), and this cannot explain its higher glycemic response. Paradoxically, sucrose-sweetened breakfast cereals elicit lower glycemic responses than unsweetened ones (15) because fructose has a lower glycemic index than glucose (10, 16) .
After the high-fiber cereal, plasma glucose was reduced at 30 min but increased at 120 min, which is a pattern that suggests delayed carbohydrate absorption. The high-fiber cereal contained corn and wheat fiber, of which Ͼ95% was insoluble fiber. Insoluble cereal fibers are generally considered to have little or no ability to delay glucose absorption (17) . It is of interest that adding wheat bran to a 50-g oral glucose load significantly reduced plasma glucose at 30 min to a similar extent as shown here (18); however, bran had no effect on plasma glucose at 120 min. Recently, a high-fiber cereal was shown to reduce plasma glucose responses by increasing postprandial insulin (19) . It was suggested this was due to the ϳ11-g higher protein content of the high-fiber control. However, the protein contents of the cereals we tested here did not differ.
It is possible that the high-fiber cereal contained more slowly digested starch than the low-fiber cereal. Unfortunately, we did not analyze the resistant starch content of the two cereals, although no resistant starch was added as an ingredient. Nevertheless, it seems unlikely that the high-fiber cereal contained significantly more undigested starch, because this would have resulted in a lower intake of available carbohydrate. Reducing available carbohydrate intake results in a more rapid return of postprandial glucose to baseline (16) , whereas, here we observed the opposite effect after the high-fiber cereal.
The relative insulin response (RIR) of the high-fiber cereal differed in normal and hyperinsulinemic subjects in the face of virtually identical relative glucose responses (RGR) in the two groups of subjects. This is important because the lack of close correlation between postprandial glucose and insulin responses elicited by different foods is a criticism of the glycemic index and an argument for the need to develop an insulinemic index (20) . However, if the RIR of foods varies in different groups of subjects, then insulinemic index values may not be as valid as glycemic index values. We know of only one other study directly comparing the RGR and RIR of carbohydrate test meals in different groups of subjects. The insulin response of a mixed test meal, relative to that of oral glucose, was found to be significantly greater in subjects with IGT than obese normal subjects and even greater in subjects with type 2 diabetes, despite the same RGR in all groups (13) . Such differences may be due to defects of insulin secretion in subjects with IGT and type 2 diabetes (21). However, the hyperinsulinemic subjects in the present study had normal glucose tolerance, suggesting that their ␤-cells were able to compensate adequately for insulin resistance by secreting more insulin. Therefore, it seems unlikely that a defective ␤-cell response to glucose can explain the reduction in RIR we observed in high-insulin subjects.
The rise in plasma insulin after eating is determined partly by its rate of secretion into the bloodstream and partly by its rate of removal from the circulation, both of which may vary over a postprandial time course of several hours (22) . Decreased hepatic insulin extraction may contribute to peripheral hyperinsulinemia in insulin-resistant subjects with abdominal obesity (23) , such as the hyperinsulinemic men in this study. However, this also cannot explain the difference in RIR. In addition, there is evidence that dietary fat and protein may have abnormal effects on postprandial insulin responses in insulin-resistant subjects (24) , but this cannot account for the difference in RIR between hyperinsulinemic and control subjects we observed because the high-and low-fiber test meals contained similar amounts of fat and protein.
Reducing the rate of glucose absorption is associated with a reduced insulin response (25) , such as that seen in the hyperinsulinemic subjects after the highcompared with low-fiber cereal. In the control subjects, the early rise in plasma insulin (15 min) was reduced by high fiber; but from 30 to 60 min, mean plasma insulin after high fiber was identical to that after low fiber despite significantly reduced plasma glucose. This suggests that something was enhancing the ability of glucose to increase insulin secretion in control but not hyperinsulinemic subjects. Such a factor could be the hormones of the enteroinsulin axis. As much as 70% of the peripheral insulin response after glucose ingestion is due to the effect of gut hormones on insulin secretion (24) . Reducing the rate of glucose absorption reduces postprandial responses of gastric inhibitory polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) (25) , and there is evidence that this occurs in both normal and diabetic individuals (26) . However, high-fiber meals with no effect on glycemic response have been shown to increase postprandial GIP (27) and possibly cholecystokinin (28) responses, although the effects on GLP-1 are not known. If the effect of fiber on incretin secretion or the effect of incretins on insulin secretion was reduced in hyperinsulinemic subjects, this could explain why the high-fiber cereal reduced insulin responses in hyperinsulinemic subjects not control subjects. Although this hypothesis is purely speculative, there is some evidence that a high carbohydrate meal elicits lower GLP-1 responses in obese subjects than in age-and sex-matched lean control subjects (29) .
In conclusion, a ready-to-eat breakfast cereal, rich in nonviscous cereal fiber, reduced glucose responses to the same extent in normal and hyperinsulinemic men but reduced insulin responses specifically and solely in the hyperinsulinemic men. Longer-term studies are required before conclusions can be drawn as to whether a high-fiber breakfast cereal has any longterm benefits for the management of insulin resistance or obesity.
